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ABSTRACT

This total program is directed toward development of a fixed boundary,
shell-and-tube, gas-to-air recuperator, for a turboshaft gas turbine air-
craft engine, with 2000 hours design life. The object of Phase I of this
recuperator development program is engineering design, fabrication, and
testing of full scale, 60 degree arc test sections and other required test
specimens.

Two different recuperator test sections were fabricated and tested.
One was a U-tube unit with compressed air flowing through tubes and exhaust
gas flowing over tubes (EOT). The other was a straight tube unit with ex-
haust gas flowing through tubes and compressed air flowing over tubes (EIT).
Both units satisfactorily met the intended performance and environmental
requirements. A total of 55.2 hours of operation was accumulated on the
(EOT) section and 57 hours on the (EIT) section.

Based on considerations of reliability, life, cost, producibility, and
dimensional compatibility with potential engine installations, the confi-
guration with exhaust gas inside tubes has been selected for further evalu-
ation in Phase II of this program. In Phase II, the configuration with ex-
haust gas inside tubes (EIT) will be fabricated in an annular tube bundle
and subjected to an endurance test evaluation. The program, to date, has
demonstrated that tubular heat exchanger designs can be used to recuperate
turboshaft engines within the requirements for ASW alrcraft.

Included in this report are generalized performance curves which may
be used to size recuperators for specific engine conditions.
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SECTION 1
INTRODUCT ION

This report presents the results and evaluation of analysis and testing
performed for development of an exhaust gas to compressed air, fixed boundary
recuperator for turboshaft gas turbine aircraft engines, during Phase | of
Bureau of Naval Weapons Contract NOw 62-0598-c. The design, fabrication and
testing of recuperator test sections has been accomplished during Phase I.
Steady-state heat transfer and pressure drop tests have been performed as
well as simulated engine mechanical and thermal transients associated with
a 2000-hour life. This report includes a description and evaluation of this
Phase I activity. The program has been conducted by The Garrett Corporation,
AiResearch Manufacturing Division in Los Angeles, California from February
through July, 1962.

The main fabrication and test portions of this recuperator development
program have been confined to shell-and-tube designs with tube bundles form-
ing sectors of circular annuli. Two configurations have been built and
tested. The recuperator section with exhaust gas outside U-tubes (EOT) is
shown on enclosed Drawing 178123 and Figure 3-1. The recuperator test sec-
tion with exhaust gas inside straight tubes (EIT) is shown on enclosed Draw-
ingx178175 and Figure 3-6.

Following program phases will consist of fabrication and endurance
testing with a complete recuperator including simulated engine ducting and
preparation of a final summary report. The complete recuperator to be fab-
ricated in Phase II will be designated as Part 178620-1; therefore, this

part number is used in the report title.
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SECTION 2
PROBLEM DEFINITION

The Phase I Recuperator Development Program has made use of two problem
statements which differ only in the pressure drops allotted on the hot and
cold sides of the heat exchanger. The structural requirements are the same
fur both of the recuperator sections thus far produced and tested. During
a coordination meeting with the Bureau of Naval Weapons on April 18, 1962,
it was decided to consider AP/P, values as high as 11 per cent. The (EOT)
design was already established and therefore, the (EIT) test section was
designed for a somewhat higher AP/Pin than the (EOT) design.

The problem statements for the two recuperator test sections are shown
on Tables 2-1 and 2-2. Figures 2-1 and 2-2 depict recuperator vibration

and thermal transient inputs.

The protlem conditions are based on the requirements for a typical
turboshaft gas turbine aircraft engine of approximately 2700 horsepower.
Section 6, Parametric Study, and Section 7, Recuperator Design, may be used
as a design basis for recuperator selection for engines of any size within

the range of interest of this program.
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TABLE 2-|

REQUIRED PERFORMANCE
(EOT) RECUPERATOR

Compressed Air

Effectiveness, dim. 0.7
Flow Rate, Ib per sec L3l
Inlet Total Temperature °R 905
Inlet Total Pressure, psia 78
Core Static Pressure Drop, oAP, psi 1.615
APa ( 100)

P s per cent 0.9
ain

Maximum Operating Pressure, psia 212
Maximum Pressure Differential, psi 197.3
Proof Pressure at 1050°F, psig 229.3
Burst Pressure at 1050%F, psig 299.3

Exhaust Gas

Flow Rate,* Ib per sec 12.13
Inlet Total Temperature, °R 1720
Outlet Static Pressure, psia 14.7
Recuperator Total to Static Pressure Drop, oAP, psi 0.33
AP (100)

P , per cent 5.8

g in
Total AE '00, per cent 6.7
in

Environmental Conditions
Temperature: -65°F to 250°F

Humidity: O to 100 per cent
Vibration: per Figure 2-|

Acceleration: Side------- lg
Vertical=---10g
Axial====== 2g

Start and Thermal Cycles - 750 start up and shut down cycles per Figure 2-2
Life - 2000 hrs
xIncludes JP-4 combustion products based on fuel to air ratio of 0.018
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TABLE 2-2

REQUIRED PERFORMANCE
(EIT) RECUPERATOR

4

Compressed Air

Effectiveness, dim. 0.7
Flow Rate, 1b per sec .31
Inlet Total Temperature, °R 905
Inlet Total Pressure, psia 78
Recuperator Static Pressure Drop,* oAP, psi 8.0
APa ( 100)

- y per cent 4.5

ain

Maximum Operating Pressure, psia 212
Maximum Pressure Differential, psi 197.3
Proof Pressure .at 1050°F, psig 229.3
Burst Pressure at 1050°F, psig 299.3

Exhaust Gas

Flow Rate,**1b per sec 12.13
Inlet Total Temperature, °R 1720
Outlet Static Pressure, psia 4.7
Recuperator Total to Static Pressure Drop, oAP, psi 0.366
AP ( 100)
-—9-———5 per cent 6.4

g in
Total Ai '00), per cent 10.9

in

Environmental Conditions

Temperature: =-65°F to 250°F
Humidity: O to 100 per cent

Vibration: per Figure 2-!

Acceleration; Side-=-====- Ig
Vertical=----10g
Axial=e~==== 29

Start and Thermal Cycles - 750 start up and shut down cycles per Figure 2-2

Life - 2000 hrs

*xIncludes ducting between engine and recuperator as well as recuperator
manifolds.
*kIncludes JP-4 combustion products based on fuel-to-air ratio of 0.0i8.
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SECTION 3

TEST UNITS

Two heat transfer surface types were fabricated for test evaluation.
Prior to selection of these particular heat transfer surface types, all types
of fixed boundary matrices were considered. During the course of the analysis
of these various heat transfer matrices, factors such as welght, size, shape,
installation problems, cost, reliabllity and mainterance were considered.
With all of these factors corsidered, round tubular units provided the best

combination of these factors.

Many gereral considerations applied to both c¢f the confligurations
selected. Examination of turboshaft engine conflgurations have shown that
the cores for a tubular recuperator could be laid out in an annulus. The
structural loads would be carried out at the airframe and the concept
provided an internal passage in the center of the core to provide exhaust
bypass if desired. Through use of a bypass {open at high load; closed at
reduced load), the heat exchanger -ize =znd weight can be reduced by designing
for effectiveness at the reduced load where improved cycle efficiency is
needed. In running at full load, wnere efficiency is relatively unimportant,

the exhaust gas can be diverted as required to avoid overloading.

The actual determipnation of flow configur-ation was based on what
appeared to be most logical commensuiate with engine design. To reduce
bulk, it seemed likely that the recuperator core should surround the turbine
exit 50 that the ges flow would be deflected through the core in one pass
and discharged aft in the normal! manner from the nacelle. The compressor
delivery air would flow in two pasces ~ounter to the turbine exhaust gas
flow path permitting reasonable locations for attaching the compressor and
combustor ducting. Not only does thls provide a satizfactory packagirg
arrangement, but a two pass cross counterflow heat exchanger design provides
efficient heat transfer within slze and weight reguirements. The outside
diameter was restricted to a maximum of 40 Inches and the Inside diameter

was held to a minimum of approximately 16 Inches.

L=-9149-R
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It was decided that the tubes should be oriented in the longitudinal
direction in order to provide fairly good structural integrity and permit
use of toroidal or flat disc tube sheets, baffle and support plates. Al=-
though no mounting devices were necessary for the recuperator test sections,
manifolds in the shape of a cylindrical arc segment at the outside radius of
the test sections could serve as the point of attachment for radial supports
to the engine. The longitudinal location of these radial supports may be
varied according to the specific engine installation requirements. These
radial supports could take the form of a number of trunions or turnbuckles
with attach points on both the recuperator outside shell and the engine.

The most appropriate longitudinal location for these radial supports will

probably be 6 to 15 inches aft of the forward tube sheets on either design.

Various methods were tried to simplify the tube hole pattern in this
special case where the air flow was directed radially outward through the
tube bundle. Finally, a modified geometric curve was selected along which
holes were placed, and a spacing was selected that maintained the minimum
air gap between tubes at any point in the mat:ix to yield the value desired

for heat transfer and friction factor.

It is probable that compressed air will flow through ducts from the
engine compressor to the complete recuperator and from the recuperator to
the combustion chambers. These ducts will be sized to fit the application
flow rate and allowable pressure drop. The single inlet and outlet duct of
S5 inch diameter on the compressed air side of both test sections is thought

to be a realistic simulation of a full=scale unit.

( EOT) Recuperator

The outline configuration of the (EOT) recuperator is shown on
Drawing 178123. Figure 3-1 illustrates schematically this design as it
would appear installed on a turbop-op engire. Figure 3-2 shows the complete
test section and Figure 3-3 shows the partially assembled core. This type
of design carries the air between the compressor and combustor through tubes
having U-bends with the exhaust gas directed radially outward across the
tubes. Since the main support was considered to be at the engine, the tube

sheets were formed as toroids and reinforced by gussets. The tubes were

L=-9149.-R
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FIGURE 3-2
INSTRUMENTED AND ASSEMBLED RECUPERATOR

RECUPERATOR ASSEMBLY 178123
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FIGURE 3-3
PARTIALLY ASSEMBLED CORE

RECUPERATOR ASSEMBLY 178123
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cantilevered from these combinations of duct and support structure. The
tubes were arranged according to metal temperature difference such that the
tubes subjected to the higher temperature differentials were formed with
the larger radli. The transient effects of engine startup and load changes

were considered to impose the highest loads on the structure.

The tube sheets were made toroldal in configuration to provide a light-
weight unit while maintaining adequate structural integrity for the loads
imposed. The tube bundle has two major support plates: one at midspan and
the other at the aft end just forward of the U-bend. These plates support
the exhaust gas outer marifolding but are not brazed to any of the tubes.
This allows free expansion of the U-berds. The aft support plate also
supports the [nrer exhaust gas duct. The four tube spacer plates, located
at a uniform spacing between the zupport platez, were brazed to the tubes
which have U-bends of largest radius. The tube bundle support and spacer
plates provide radial support for the core and also prevent the tube natural
vibratlon frequency from falling into the propeller excitation and engine

rotational frequency ranges.

A 10 degree arc section of the core wa: constructed of aluminum to
establish basic heat transfer and pressure drop characteristics. Analysis
of the data showed good correlation with predicted values and confirmed
the choice of hole spacing. A full scale, 60 degree arc test section was
then designed and fabricated using thin gauge t pe 347 stainless steel
tubing and sheet metal. Brazed and welded construction was used. Satis-
factory U-bends were made down to ore inch radius. The section was 16 inches
ID, 38 inches 0D and contained 840, 0.210 in. outside diameter U-tubes which
were an average of 26.7 inches between the toroidal tube sheets and the aft
support plate. The hole pattern of the tube sheets, baffles and support
plates were drilled with a tape-cortrolled jig borer. The tape was prepared
from a computer analysis of the geometrical!ly defined spacing. Figure 3-4 shows

the tape drilling operation.

Figures 3-5 and 3-6 respectlively show core stacking and core vacuum

brazing operations.
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FIGURE 3-4
TAPE CONTROLLED SUPPORT PLATE ORILLING

RECUPERATOR ASSEMBLY 178123
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FIGURE 3-5
TUBE STACKING

RECUPERATOR ASSEMBLY 178123
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FIGURE 3-6
VACUUM BRAZING L=-9149-R
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(EIT) Recuperator

The outline configuration of the (EIT) recuperator is shown on
Drawing X 178175. Figure 3-7 illustrates schematically this design at it

would appear installed on a turboprop engine.

This unit was developed utilizing straight tubes with flat tube sheets.
The flow orientation of the U-tube design, with air inside the tubes making
two passes crosscounter to the exhaust gas flowing outside the tubes, was
known to be a problem using flat tube sheets because of tube sheet stresses
resulting from pressure forces and differential temperatures. Also, even
if one would consider a straight tube unit with return manifolds replacing
the U-bends, a source of structural vibration and bending moments would
exist in the manifold required to turn the air from the first into the
second pass. Accordingly, it was decided to direct the air around the
tubes and the exhaust gas inside the tubes. Figure 3-8 shows the recuper-
ator assembly and Figure 3-9 the core instrumentation. With this.concept,
air leaving the compressor is directed through an outer casing into the
rear half of the tube bundle, is turned into the front half of the tube
bundle by an inner duct and is returned to the combustor through an inner
duct concentric to the outer casing. Anpalysis indicated that the metal
temperatures in this design tend to equalize throughout the core structure
such that a rigid tube bundle would be essentially free of radial stresses

due to temperature differences.

It was found in preliminary design that the tubes could be made shorter
with this flow arrangement than with the U-tube design, thus reducing ovem
hung bending moments and bulk; also, a particular tube geometry was developed

to further reduce tube length.

Core sections were again constructed and tested to establish basic heat
transfer and flow friction data for the tube geometry selected. A series
of tests were also run to establish susceptibility of tubing to collapsing
under external pressure. The tests showed that, while tube wall thickness
and diameter are particularly of concern from the standpoint of instability,
any reasonable tube diameter that would be considered for units used in

aircraft would be so small that collapsing resistance would be very high.

L-9149-R
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FIGURE 3-7
STRAIGHT TUBE RECUPERATED TURBOSHAFT ENGINE (EIT)
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FIGURE 3-8
DISASSEMBLED RECUPERATOR

RECUPERATOR ASSEMBLY XI178175
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FIGURE 3-9
INSTRUMENTED CORE

RECUPERATOR ASSEMBLY X178175
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A full scale test section of 60 degrees of arc, |6 inches ID, 35 inches
0D, 18.6 inches between tube sheets, and containing 1422, 0.250 Inch outside
diameter tubes was fabricated from type 347 stainless steel by use of brazed
and welded construction. As before, the hole pattern, with adjustment for the
slightly larger tube diameter, was designed from computer analysis of the geo-
metrically defined spacing. A baffle plate and spacer plates were used to
provide radial support for the core and also prevent the tube natural vibration
frequency from falling into the propeller excitation and engine rotational
frequency ranges. The core assembly (consisting of tube sheets, tubes, baffle
plate and spacer plates) is welded to plenum-type exhaust gas manifolds which
are, in turn, connected to expansion bellows and thence toc |!-inch diameter
inlet and outlet exhaust gas ducts (Figure 3-9). The compressed air is confined
by a heavy pressure vessel (selected as an expedient for testing) and directed
through the tube bundle by plates bolted and welded at appropriate places to
provide a suitable simulation of the full-scale annular unit mechanical and

thermal stresses (Figure 3-8).

For performance tests, the unit was modified to have straight, rigid,
sheet metal transition ducts on both air and gas sides for accuracy of heat

transfer and pressure drop measurements.
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SECTION 4
HEAT TRANSFER TESTS

Initial tests with air were conducted on a 10 degree arc aluminum test
section with flat plate tube sheets. Items of specific concern were flow
distribution outside tubes and the variable tube spacing caused by the
annular tube bundle configuration. The results of this test confirmed the

preliminary performance estimates for the (EOT) design.

Single steel tubes were tested to determine inside heat transfer co-
efficient and pressure drop characteristics for tubes used in the (EIT)
design. Water was used as the coolant in an annular 3/8 inch pipe jacket.
Tests with hot air inside tubes yielded results which allowed size and
weight reductions from preliminary (EIT) design estimates. The results
from the single tube tests were used in designing the (EIT) test section.

(EIT) recuperator test results generally corroborated the single tube tests.

Recuperator Assemblies 178123 and X178175 were tested to determine
heat transfer and pressure drop at typical operating conditions. The test

setup is shown on Figure 4-1.

Compressed air temperature and flow rate were controlled by mixing the
flows from a 900° and a 50%F, 300 psig source. Exhaust gas was produced
by burning JP-4 in an in-line combustor. Combustion air was measured by a
single orifice upstream of the combustor. Fuel flow rate was not measured
but was calculated from the air flow rate and temperature rise in the com-
bustor by assuming complete combustion and the lower heating value of JP-4

fuel. All orifices were sharp edge, flat plate type.

The thermocouples were chromel alumel and readout was accomplished by
use of digital display equipment for the steady state tests and by a multi-
channel oscillograph for the transient tests. Pressures and pressure drops
were measured by manometers or transducers and read directly or with digital

display, depending on the range of values to be read.

The mixing sections consisted of a single piece of pipe placed diame-
trally through the flow carrying pipe. Typically, a 1.5 inch diametral
pipe will be used in @a 5 inch pipe. Mixing is produced by high frequency
vortex shedding from the diametral pipe.
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Heat balances were generally from zero to three per cent with scattered

points up to five per cent.

(EOT) RECUPERATOR

Table 4-1 presents a comparison of design point performance require-
ments, test performance, and estimated performance based on test performance
but at design point conditions of temperature, pressure, and flow rate for
(EOT) Recuperator Assembly 178123. Of the parameters listed on Table 2-1,
only the flow rates were adjusted to one sixth of their design point value
to accomodate the one sixth of a full annulus recuperator test section

size.

The agreement between performance estimated from test results and
design point requirements is generally good. The resulting effectiveness
is higher than design point requirements by an amount which indicates an
(EOT) recuperator size reduction of approximately 6 per cent to meet
design point requirements. Minor deviations from design point conditions
invariably occ¢ur during testing due to test parameter tolerances. An
exact comparlson between design point and test performance Is possible
only by estimating unit performance at design point conditions but based
on test performance. This procedure follows well established principles
of fluid mechanics and heat transfer theory which have been repeatedly
verified in past tests by AiResearch and others. The effects of viscosity,
specific heat, and thermal conductivity on heat transfer coefficlents are
accounted for. The effect of flow rate and specific heat on capacity rate

ratlo and number of transfer units is Included.

Exhaust gas pressure drop is lower than estimated and compressed air
pressure drop higher than estimated with the result that the overall &P/P;
Is lower than estimated. Pressure drop |s presented as gAP to allow a
direct comparison between all values quoted. AP/P;. is not directly com-
parable because density effects cannot be properly assessed with this
parameter. Statlc pressure drop Is presented for compressed alr since
this Is the parameter measured. Total pressure drop can be more accurately
determined by calculation than by measurement, due to the variation in

fluid velocity across the stream flowing In a duct. The compressed alr

, L-9149-R
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TABLE 4-1

PERFORMANCE OF
(EOT) RECUPERATOR ASSEMBLY 178123

Predicted
Performance
‘ Design Point Test at Design
Compressed Air (Ref.Table 2-1) Performance Conditions
Effectiveness, 0.7 0.73 0.733
dim,
Flow Rate, 1b |.88 .88 1.88
per sec
Inlet Total Temp- 905 905 905
erature, °R
Inlet Total Pres- 78 78 78
sure, psia
Core Static Pres- 1.615 * 2.0
sure Drop, d@AP,psi
Recuperator Static * 2.5 2.5
Pressure Drop, AP,
psi ’
APa(IOO) _
5 , per cent 0.9 * .11
ain
Exhaust Gas
Flow Rate, 1b per 2.02x% 2 .05%kx 2.02%%
sec
Inlet Total Temp- 1720 1547 1720
erature, °R
Outlet Static 14.7 14.21 14,7
Pressure, psia
Recuperator Total 0.33 * 0.253

to Static Pressure
Drop, aAP, psi

Recuperator Static K 0.243 0.239
to Static Pressure
Drop, cAP; psi

AP (100)
5 , per cent 5.8 * 4,45
g in

Total A$ 190) et cent 6.7 * 5.56

in
*Not Available

*k Includes JP-4 combustion products based on fuel-to-air ratio of 0.018
*kk Includes JP-4 combustion products based on fuel-to-air ratio of 0.015
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core statlc pressure drop is estimated by subtracting one veloclity head in
the inlet duct and 0.5 veloclty head In the outlet duct from the recuperator
statlc pressure drop. These are realistic shock loss assessments for the
duct and manifold combinatlon tested. The estimated values of total to
static pressure drop for exhaust gas are determined by adding one veloclity
head In the recuperator inlet duct to the static pressure drop. This
method of calculation has proven accurate in previous tests by AiResearch
and others. The effects of flow acceleration on pressure drop Is included
In the performance estimates, althcugh it is a minor factor and accounts
for less than 5 per cent cf either compressed alr or exhaust gas pressure
drop.

Figures 4-2, 4-3 and 4-4 show comp-essed air effectiveness, pressure
drop with heat transfer, and isothermal pressure drop, respectively, for
Recuperator Assembty 178123. All of the above are plotted as a function

of flow rate.

A comparison of Figures 4-3 and 4-4 shows that ccmpressed air pressure
drop is higher and exhaust gas pressure drop is lower with heat transfer
than with isothermal conditions. This resuits from changes in boundary
layer and flow profile caused prima-ily by differences in viscosity and

density between the two conditions.

The recuperator static pressure drop for both compressed air and ex-
haust gas includes manifold pressure drop but not extended ducting between
the engine and recuperator. The notes on the curves indicate the manner
in which the estimated pressure drop curves were produced. The estimates
are included to allow a better comparison between design point requirements

and test performance.
(EIT) RECUPERATOR

Table 4-2 presents a comparison of design point performance require-
ments, test performance, and estimated performance based on test perfor-
mance but at design conditions of temperature, pressure and flow rate for
(EIT) Recuperator Assembly X178175.

Initial performance tests of (EIT) Recuperator Assembly X178175 re-

sulted in low effectiveness and low compressed air pressure drop. Core
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core static pressure drop is estimated by subtracting one velocity head in
the inlet duct and 0.5 velocity head in the outlet duct from the recuperator
static pressure drop. These are reallistic shock loss assessments for the
duct and manifold combination tested. The estimated values of total to
static pressure drop for exhaust gas are determlned by adding one velocity
head In the recuperator inlet duct to the static pressure drop. Thls

method of calculatlion has proven accurate in previous tests by AiResearch
and others. The effects of flow acceleration on pressure drop Is included
In the performance estimates, although it is a minor factor and accounts

for less than 5 per cent of either compressed air or exhaust gas pressure

drop.

Figures 4-2, 4-3 and 4-4 show comp-essed air effectiveness, pressure
drop with heat transfer, and isothermal pressure drop, respectively, for
Recuperator Assembty 178123. All of the above are plotted as a function

of flow rate.

A comparisor of Figures 4-3 ard 4-4 shows that compressed air pressure
drop is higher and exhaust gas pressdre d-op is lower with heat transfer
than with isothermal conditions. This resuits from changes in boundary
layer and flow profile caused prima-ily by differences in viscosity and

density between the two conditions.

The recuperator static pressure drop for both compressed air and ex-
haust gas includes manifold pressure drop but not extended ducting between
the engine and recuperator. The notes on the curves indicate the manner
in which the estimated pressure drop curves were produced. The estimates
are included to allow a better comparison between design point requirements

and test performance.
(EIT) RECUPERATOR

Table 4-2 presents a comparison of design point performance require-
ments, test performance, and estimated performance based on test perfor-
mance but at design conditions of temperature, pressure and flow rate for
(EIT) Recuperator Assembly X178175.

Initial performance tests of (EIT) Recuperator Assembly X178175 re-

sulted in low effectiveness and low compressed air pressure drop. Core
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TABLE 4-2

PERFORMANCE OF
(EIT) RECUPERATOR ASSEMBLY X178175

Predicted
Performance
Design Point Test at Design
Compressed Air (Ref .Table 2-2) Performance Conditions
Effectiveness, 0.7 0.677 0.704
dim.
Flow Rate, 1b 1.88 1.9 1.88
per sec
Inlet Total Temp- 905 660 905
erature, °R
Inlet Total Pres- 78 23.64 78
sure, psia
Recuperator Static 8.0% 7.1 7.7%
Pressure Drop, dAP,
psi
ap_(100)
, per cent 4,5% Fokk 4 ,34%
ain
Exhaust Gas
Flow Rate, 1b per 2.02%% 2. 04 %%k " 2.,02%*
sec
Inlet Total Temp- 1720 1050 1720
erature, °R
Outlet Static Pres- 14.7 14,49 14.7
sure, psia
Recuperator Total 0.366 Fokk 0.305

to Static Pressure
Drop, dAP, psi

Recuperator Static Forokok 0.295 0.29
to Static Pressure
Drop, oAP, psi

AP (100)
P , per cent 6.4 Hoforor 5.33
g in
Total AE Ioo?per cent 10.5 Hookok 9.67
in

*Includes ducting between engine and recuperator as well as recuperator
manifolds
*kIncludes JP-4 combustion products from fuel-to-air ratio of 0.018
*xkIncludes JP=4 combustion products from fuel-to-alr ratio of 0.0072
*kkxNot available

L-9149-R
- @ AiQes:a.::z Manufacturing Division Page 29

LOB ANGELES 48 CALIFORNIA



bypassing of up to one-half the air flow was ascertained to be the cause.
The recuperator core assembly was removed from the tank and sheet metal
manifolds were pplied which were both pressure and temperature limited.

The temperature limitation was due to the use of epoxy resins to seal joints
in the sheet metal manifolds. A retest showed a better but still low effect-
iveness and pressure drop caused by compressed air passing between the tube
bundle and the sheet metal side plates. This air bypassing was essentially
eliminated by installing asbestos packing behind stainless steel sheet
placed between the side plates and tube bundie, and by reinforcing the side
plates from the outside. This configuration was then tested and the per-
formance obtained was essentially as predicted. This problem will not arise
in the complete annulus because the side plates will be eliminated and the
tube bundle will be continuous.

The estimated effectiveness based on test data is fractionally higher
than the design point requirement and no recuperator size change is indi-
cated to meet design point requirements. Comments about the effects of
temperature on performance and the means for estimating performance at
other than test temperatures made for the (EOT) design apply equally to
the (EIT) design.

The pressure drop for both exhaust gas and compressed air are slightly
below design point values so the total AP/Pin is below the design point
value. Recuperator pressure drop generally includes manifolds but not
ducting between erigine and recuperator. Core pressure drop generally
includes no manifolding losses. Exceptions to these rules are noted on
the tables or figures. Comments about the pressure drop estimation and
presentation methods made for the (EOT) design apply equally to the (EIT)
des ign.

Figures 4-5, 4-6, and 4-7 show compressed air effectiveness, pressure
drop with heat transfer, and isothermal pressure drop, respectively, for
(EIT) Recuperator Assembly X178175. All of the above are plotted as a
function of flow rate.

The relation between the pressure drop curves with heat transfer and
with isothermal conditions is as stated for the (EOT) design and for the
same reasons. Core pressure drop, including the interpass manifold was
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recorded as test data for the compressed air and is therefore presented.

The difference between recuperator and core compressed air pressure ''-op

is approximately three velocity heads based on the inlet and outlet duct

diameter of 5 inches. This is higher than estimated for the final design
because there is a sharp transition between the ducts and the pienums of

the core inlet and outlet.
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SECTION 5

STRUCTURAL TESTS

RECUPERATOR ASSEMBLY 178123 (EOT)

Flow Excitation

After the heat transfer tests (Section 4), and before the vibration
scan, an air flow rate of 200 1b per min (eauivalent to 20 |b per sec
for a full size annulus) was passed outside the tubesfor 5 minutes.
There was no evidence of air flow induced excitation, indicating that
fatigue from aerodynamically induced vibration was not likely to be a
problem in this design. The spacer plates definitely supported the tubes

and the staggered tube arrangement tencded to equalize local disturbances.

Temperature Measurements - Steady-State and Transient

A series of investigations were run to evaluate the effects of transient
engine operating cycles. The unit was instrumented with thermocouples on
tubular elements and adjacent structure. The assembly was tested to
measure response to engine start to idle, start to cruise, and load changes
from idle to full power and cruise to full power. These tests were made
at ful) temperature and pressure, utilizing an inline gas turbine engine
combustor to supply the exhaust gas and a laboratory compressed air
source for the compressed air side. This facility was designed to simulate
the characteristics of engines modeled after Military Specifiecation
MIL-E-8593, the general specification for turboprop aircraft engines.

The transient input was based on conditions shown on Figure 2-2.

The objective of these tests was, first, to confirm the calculated
steady-state temperature distribution, and second, to establish temperature
gradients and ‘temperature differentials existing during transient
conditions. The most critical steady-state condition is represented by
values shown on Table 2-1., This condition yields a severe radial tempera-
ture gradient on the support plates and a large temperature differential
between corresponding straight sections of the U-tubes. More severe
radial temperature differences will exist during the transient startup to

cruise condition.
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The measured steady-state temperature distribution agreed fairly well
with the calculated values. There were no prominent differences that
would influence the original theoretical steady-state design concepts. Due
to the uncertainty of the thermocouple data giving the true mean metal
temperature of tubes, the calculated values have been considered to be
more reliable and have been used where a local discrepancy in measured
and calculated values exists., There are many factors that can influence the
reliability of the thermocouple values: for example, the position of the
thermocouple on the tube relative to the flow; the local change in heat
transfer characteristics due to the mass of the thermocouple itself and
any associated insulatior; and, most important of all, the validity of

measuring mean metal temperature with a thermocouple junction on the surface.

Examination of the oscillograph traces recorded during start to cruise,
start to idle, and idle to full power indicate that some of the most severe
transients occur during start to cruise. Typical curves of temperature and
pressure variation with time for start to cruise are shown on Figdre 5-1.

As a fuel control system was not evailable in the laboratory, the start
condition was simulated by establishing gac flow through a bypass before

a run was started. The exhaust inlet temperatu.e is showr initially at
1530°R because of bypass valve leakage through the recuperator. This bypass
valve leakage was eliminated for the (EIT) trarsient tests. When recording
a startup, the diverter valve was closed and gas was passed through the unit,
building up to full conditions in 2 seconds. The compresced air source was
timed manually to start its trarsient 2 to 4 seconds after the start of the
test. An automatic programmer mixed cold and hot air flows to simulate the

characteristic of an engire compressor during load changes.

The data indicatez that transient temperature differentials between the
straight sections of the U=-tubes of 1.5 times steady-state occur in the
outer U-tubes and possibly as high as 2.0 times in the inner U-tubes. The
transient in the outer U-tubes is not critical, since these large radius
U-bends have sufficient margin to absorb the extra transient growth; how-
ever, the inner U-bend radii probably should be increased in future units

on the basis of single U-tube tests discussed later in this report.
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Differential elongation during thermal cycling caused light scratches
on the tubes at the aft support plate, as shown on Figure 5-2, There is a
possibility that the outer shell of the test unit expanded more than tubes,
resulting in the light scratch marks on the tubes aft of the aft support
plate.

A total of 34 starts and 32.7-hours of thermal cycling operation at
elevated temperatures with exhaust gas were accumulated on the test section.
These totals include all high temperature operating periods such as heat
transfer performance and structural testing as well as pretest checkout of
the setup.

Vibration Scan

The vibration scan was carried out at room temperature with no air or -
gas flow through the unit. The vibratory input was as shown on Figure 2-1.
The effect of temperature will be small, and will be to lower the Young's
modulus of the material, resulting in a reduction of the resonant
frequencies proportional to the square root of the ratio of hot and cold
Young's moduli. For a type 347 stainless steel at a temperature of 1000°F,
the room temperature frequency will be reduced by approximately 10 per
cent. Any tube excitation due to vortex shedding by the gas flow was not
simulated by this test. The vibratior test results are representative
only of the tube and tube bundle modes of the complete unit. It does not
simulate the overall unit as regards the supporting structure modes.
The structural modes can only be demonstrated by a vibration test on a

complete annular unit with representative structure and mounting interface.

The test unit was assumed to be at the bottom of a complete annulus
and was vibrated in the lateral and longitudinal directions, as shown on
Figures 5-3 and 5-4. This position gives the most severe lateral
vibratory input to the tube U-bends. The major resonant frequencies and

mode descriptions are listed:

L-9149-R
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FIGURE 5-2
TUBE SCRATCHES FROM DIFFERENTIAL EXPANSION

RECUPERATOR ASSEMBLY 178123
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FIGURE 5-3
LATERAL VIBRATION
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FIGURE 5-4
LONGITUDINAL VIBRATION
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Lateral Drive (Fiqure 5-3)

*IZO cps

*I58 cps

167 cps

180 cps

203 cps

210 cps

253 cps

292 cps

300 cps

Outside of first U-bend, lateral motion resulted.

Out -of -phase motlion of tube bundle sections between toroidal
tube sheets and central support plate resulted. The response

at the center of the tube bundle sections was approximately 4:1.
Third U-bend resonance occurred.

Lateral motion of the forward tube bundle section resulted.
The aft tube bundle section had a slight elliptical motion.
Response of 7:1 on the forward bundle section resulted.

Fifth U-bend resonance occurred.

In-phase motion of the tube bundle sections resulted.
Response as high as 16:1 on the forward bundle section

resulted.
Seventh U-bend resonance occurred.

Yawing motion of the outlet duct and outlet toroid occurred.
Response of 20:1 on the outlet duct flange resulted. This
mode may not be representative of the final configuration.

Lateral motion of the outlet duct resuited. This is repre-

sentat ive of the flnal configuration if bellows are used.

Ninth U-bend resonance occurred.

Longitudinal Drive (Figure 5-4)

*11s cps

*169 cps

Longitudinal core excursion resulted and was reacted by
supports which were attached to outlet toroidal manifold.
A response of 10:! was noted. This mode Indicated the
necessity for supporting the outlet toroid for longitudinal
loading. ‘

An out-of -phase tube bundle mode resulted. Vertical motion of
the forward tube bundle section and circular motion of the aft
tube bundle section resulted. Response of 10:1 on the aft
tube bundle section was recorded.

* Synchronized movies were taken of these frequencies and are on file at
the AiResearch Manufacturing Company.
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352 cps An inlet duct vertical motion resulted which could be repre-
sentat ive of the complete unit if bellows are used at the
inlet duct connections.

During vibration scanning, the tube bundle vibration modes had dis-
placed the central and aft support plates about 0.2 in. at the gas inlet
side, as shown by Figure 5-5. The support plates were not attached to and
held in place by the exhaust gas outlet manifold during this test, and were
free to slide on the tubes in this area. The vibration characteristics were
attenuated by the lack of support Imposed by the test unit design, which
represented only one-sixth of a full annulus. It was evident that incorpora-
tion of plate attachments along with intrinsic stability of the full core

would result in a design free of destructlve vibration.

It is estimated that the stress level in the tubes during the tube
bundle modes is approximately 5000 psl. The fundamental mode of the tube
between the spacer plates, which occurs around 2500 cps, was not excited,

as this frequency lies above the specified frequency range for this test.
Static U-Tube Bend Tests

Static bend tests have been carried out on U-tubes with different
radii to compare their longitudinal flexibility with calculated values and
to establish their capacity to absorb differential thermal growth between
the two straight sections of the U-tube. The test fixture simulated differ-
ential thermal expansion by fixing one leg of the U-tube and loading the
other. The tube was supported at intervals which simulated the support

obtained by the spacer and support plates in the unit.

The test data indicated that, for the smaller radius tubes, the longi-
tudinal stiffness was between 64 and 77 per cent of the calculated value
without flexibility factors. For these tubes, crippling occurred on the
inside of the U-bend near the first support on the fixed leg at a load value
above the yield load. The calculated yleld values appeared fairly consistent
with the test data, although on some tubes, a slight permanent set occurred
before the calculated yield load was reached. Measured stiffness of the
large radius U-tubes agreed almost exactly with the calculated values
without flexibllity factors. The smaller radil U-bends had more tube
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FIGURE 5-5
CENTER SUPPORT PLATE SHIFT
RECUPERATOR ASSEMBLY 178123
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cross-section ovality than the larger radii bends, which may be one reason
for thelr Increased flexibility.

On the basis of this data, the .:iinimum U-tube mean bend radius should
be increased from the present value of |.| in. to 1.60 in. to absorb the
transient differential expansion, as discussed in the section on Temperature
Measurements - Steady-State and Transient. The outer U-bends have sufficient

margin to absorb the transient without increase in radius.
"Stresscoat" Test

A "Stresscoat" brittie lacquer test has been conducted on the toroidal
manifolds and inlet and outlet ducting. Test results are shown on Figure 5-6.
The test was made at room temperature and the pressure raised in Increments
to a pressure of 590 psig, which is equivalent to the proof condition of
229 psig at 942°F. Analysis of the stress distribution and intensity may
influence the selection of the thickness of the toroidal manifolds and
assoclated ducting for the complete unit. It is possible that the gauge of
the forward halves of the toroidal manifolds can be reduced, and the rein-
forcing in the area of the air inlet duct can be modified. Tle rods should
be incorporated at the trailing edges of the internal support webs in the
inlet duct. Tie rods with a doubler along the duct-toroid junction will
reduce the stress concentration at the weld of the inlet duct to the toroidal

manifold.

Leakage

After completion of fabrication and assembly, but before testing, air
pressure of 185 psig at room temperature was applied to the tube side of the
recuperator. Zero leakage resulted. After completion of all tests, including
heat transfer, temperature measurements and vibration, air pressure of 185 psig
at room temperature was again applied and leakage was 0.0000222 1b per sec.

This value is essentially zero.

RECUPERATOR ASSEMBLY X 178175 (EIT)
ITemperature Measurements - Steady-State and Transient

The purpose of these temperature measurements was flrst, to confirm
calculated steady-state temperature distribution, and second, to Investigate
the possibility of transient conditions that might influence the design
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FIGURE 5-6
STRESSCOAT PATTERNS
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philosophy. The most critical steady-state condition is represented by
values shown on Table 2-2. The most severe transients will probably be
experienced during start to cruise. The transient input was based upon

conditions shown on Figure 2-2.

There is an approximate agreement between the theoretical and measured
temperature distributions, evenr though previously noted uncertainties exist

about accurately measuring true mean metal temperatures.

The measured steady-state tube temperatures show that the mean metal
temperature for any tube in the core is approximately the same. The mean
metal temperature of the tube adjacent to the air inlet and outlet face is
somewhat lower than the other tubes in the core due to a small amount of
bypass air which cooled the section of the tube at the air outlet. The
steady-state plate temperatures and temperature gradients differed somewhat
from design point values because of the bypassing air. Typlical curves of
temperature and pressure variations with time for start to cruise are shown

in Figure 5-7.

Analysis of the transient temperatures indicates very little lag in the
tube temperature which, if present, would cause transient differential tube
expansion and loading of the tube sheets and tubes. The tubes at the outside
diameter of the bundle will have the largest temperature differential. The
tubes in the area of the coolirg air inlet face cool faster than other tubes
when the air is introduced; however, with no air bypassing, this should be
offset by these same tubes cooling slower than other tubes in the air outlet
area. Analysis of the test data shows that no transient temperature gradients
greater than the steady-state conditions appeared to exist In the tube sheets

or support plates.

A total of 2| starts and 40.4 hours of thermal cycling operation at

elevated temperatures with exhaust gas, plus 16.6 hours at amblient tempera-

tures were accumulated on the test section. These totals include all oper-

ating periods, such as heat transfer performance and structural testing, as

well as pretesting checkout of the setup.

Vibration Scan

The vibration scan was carried out at room temperature with no air or
gas flow through the unit. As shown by Figure 5-8 and 5-9, the vibratory
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FIGURE 5-8
LATERAL VIBRATION

RECUPERATOR ASSEMBLY X178175
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FIGURE 5-9
LONGITUDINAL VIBRATION

RECUPERATOR ASSEMBLY X178175
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Input and drive planes were identical to those used for the (EOT) test
section. The effect of temperature will be to slightly reduce the value of
the resonant frequencies as described in the section about (EOT) vibration
scan. This vibration test is limited to demonstrating the tube bundle modes
alone, and it is not representative of structural modes or aerodynamic tube

excitation.

The vibration fixture used did not provide radial support at the central
baffle plate and, in this respect, is not representative of the complete unit.
The modes which are not representative will be irdicated in the following

tabulation.

Latera! Drive (Figure 5-8)

*109 cps Fundamental motion of the complete tube bundle between the .
tube sheets occurred. The response measured ca the central
baffle plate was approximately 15:1. This mode is not repre-
sentative of the flnal design, as there will be radial support

at the center of the tube bundle.

248 cps In-phase motion of the :ube bundle section on either side of
the central support plate resulted. A response of 3:| was

measured on the aft spacer plate.

340 ¢cps Motion similar to the 248 cps mode with a response of

approximately 7:1 occurred.

*356 ¢cps Out-of -phase motion of the tube bundle sections resulted.

Aft spacer plate recponse was 13:1.

450 cps Motion of tubes in the area of the central baffle plate

restilted.

Longitudinal Drive (Fiqure 5-9)

37 ¢ps Resonance v, the overhung area of the central baffle plate

resulted. This is not representative of the final unit.

*  Synchronlzed movies were taken of these frequencies and are on file at
the AlResearch Manufacturing Compary.
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101 cps A 2:! response normal to the tubes near the central baffle
plate resulted. Resonance of the overhung area of the forward
tube sheet driving the tube bundle resulted. This mode is not

representative of the final design.

213 cps Motion similar to that at 10l cps occurs with 4:1 response.
This looks like the first harmonic of the forward tube sheet.

305 cps Resonance of the overhung area of the aft support plate

occurred. This mode Is not representative of the final design.

460 cps An 8:1 response occurred at the accelerometer mounted normal
to the tubes near the central baffle plate. This could be a
higher harmonic of the tube bundle between the tube sheets.
It was possible to slide the central baffle plate on the

tubes during this resonance.

After scanning, it was noted that the spacer plates had moved as much
as 0.25 in. on the tubes at the internal radius. There were no resonances
of any concern in the longitudinal axis except at 460 cps, which also appeared
in the lateral axis. Since adequate support against longitudinal tube bundle
mot ion was provided by angles attached to 0.25-In. thick transition ducts on
the tube sheet, no longitudinal core motion was observed. The final design
must also incorporate longitudinal support for the tube bundle, possibly with

radial gussets to the outer shell at the aft tube sheet.

Tube Collapsing Test

Since the (EIT) recuperator contains the high pressure fluld outside
tubes, tests were conducted on sample tubes to determine the amount of
external pressure required to cause collapsing. The samples were cut to
length, brazed to tube sheets, and assembled inside a test fixture that
permitted application of external pressure hydrostatically at room temperature.
The average collapsing pressure was found to be 750 psig. Based on material
properties at room temperature and‘operéting temperature, 750 psig Is equivalent
to 570 psig at a temperature of 1050°F. This represents a margin of safety
of 2.85 to | over the maximum design operating pressure.

The predicted collapsing pressure obtained from equations given in

standard references was 497 psig. The higher test value obtained was due

L-9149-R
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" primarily to departures from theory in tube-diameter-to-wall-thickness
ratlo, and tube configuration selections. A lack of data in the literature
required these empirical measurements on the tubes. Based on the tests
conducted, no problem is expected regarding tube collapsing. However, con-
current with the start of design in Phase II, tests will be run on additional
samples at room temperature and at design temperature in order to establish

further control data.

Leakage

After completion of fabrication and assembly, but before testing,

" air pressure of 15 psig at room temperature was applied to the tube side of
the recuperator. Zero leakage resulted. After completion of tests, in-
cluding heat transfer, temperature measurement and vibration, air pressure
of |5 psig at room temperature was again applied to the tube side and the
leakage rate was 0.00163 1b. per sec. This is an extremely iow rafe, similar
to the (EOT) value, but higher than would normally be expected since the
test section was disassembled and modified four times in the course of testing

to accomodate various test setups.
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SECTION 6

PARAMETRIC STUDY

A parametric study was undertaken to determine the optimum recuperator
for a 2700 hp class turboshaft gas turbine engine. Various heat transfer
surfaces, such as plate-fin, finned tube, and bare tubes were investigated
during the course of the study, as well as varlations in surface geometry
for the more promising surfaces. The results of this study indicate that
bare tube units in a cylindrical configuration will result in near optimum
solutions. Both (EIT) and (EOT) recuperators were considered in the study
and the best surfaces for each were used in the 60 degrees of arc test units

built during Phase I of this program.

A comparison of the relative merits of the (EIT) and (EOT) bare tube
recuperators indicates that the (EIT) unit is superior with regard to
thermal stress, weight, volume, reliability, producibility, maintainability,

and cost.

Several curves obtained during the study of the (EIT) bare tube
recuperator have been selected for presentation in this section to illus~
trate the change in core weight and size with variations In effectiveness
and/or per cent pressure drop. The trends indicated by these curves are
generally applicable to any type heat transfer surface or configuration,
although the shape of the curves and weight and slze minimums will tend to

vary from surface to surface.

Figure 6-1, which presents relative core welght versus per cent core
pressure drop, with effectiveness plotted as a parameter, Indicates that,
at the design point operating conditions for the subject recuperator, which
Is at approximately 8 per cent pressure drop, an Increase In core welght by
a factor of approximately 2.3 .is realized by going from 0.7 effectiveness
to 0.8 effectiveness. This curve very dramatically Illustrates the sharp
increase In core weight that Is realized with only slight Increase In
effectiveness at the higher effectiveness values. It also shows a substan-
tial reduction in weight as the per cent pressure drop is increased at 0.9

effect iveness.
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The variation in recuperator dimensions with Increasing effectiveness
is shown on Figure 6-2. This figure illustrates the same general trend that
was noted in Figure 6-1; that is, the sharp increase in relative core dimen-
sions or weight at the high effectiveness values. The L° and Lt dimensions
are almost asymptotic at 0.9 effectiveness. It is also interesting to note
that the OD dimension decreases with increasing effectiveness, reaches a

minimum, and then increases.

The effect of variations in the pressure drop split on relative core
weight and dimensions at the critical design conditions is shown on
Figure 6=3. Note that a split of 3 to | In favor of the exhaust gas side
results in minimum relative core weight and a near minimum recuperator 0D
and tube length. The (EIT) recuperator test core was designed with this
pressure drop split.

The parametric study included a consideration of weight attributable
to tube sheets, tube support plates, and normal recuperator manifolding.
The percentage of the overall recuperator weight allocated to these [tems
varles with recuperator dimensions and volume. Generally speaking, however,
this percentage will vary as the core volume, that Is, large core volumes
will have a small percentage of the overall recuperator weight attributable

to these items and for small core volumes the inverse is true.
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SECTION 7
RECUPERATOR DESIGN

This section presents a recuperator design procedure and surface per-
formance characteristics to enable the designer to obtain recuperator size
and weight at specific design conditions. In designing a recuperator for
a specific engine application, the designer will be limited to a minimum
recuperator ID and maximum practical OD and tube length. Within these
bounds, there will undoubtedly be several designs which will meet a given
problem statement. It will be up to the designer's discretion to select
the best solution for his application considering such factors as size,

weight, mounting provisions, and vibration characteristics.

As a result of optimization studies on recuperators of this type, it
has been determined that a two pass cross counterflow configuration is near
optimum. Therefcre, the design procedure outlined in this section is for
this configuration only. Performance curves for designing both (EIT) and
(EOT) recuperators are included herein. Generally speaking (EIT) recuper-
ator designs will be lighter, have larger 0D and shorter tube length than
(EOT) recuperator designs. A separate and distinct design procedure is
outlined below for each type recuperator. Symbols and terms used in the

procedures are defined in the nomenclature.
CALCULATION PROCEDURE (EIT) RECUPERATOR
1. Select critical operating condition for recuperator design.

2. Calculate effectiveness for both sides of recuperator.

E, = = “Thot_

hot = Thot in = Teold in
£ o A'Tt:old!

cold ~

Thot in ~ Tcold in

3. Calculate minimum capacity rate ratio which is between O and 1.

wchot or wccold
Weotd "ot
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Read number of transfer units required from Figure 7-2 with minimum
capacity rate ratio and effectiveness of side that has minimum capa-

city rate.
Calculate required UA.
Required UA = (NTU) (WC) min

Calculate required corrected air pressure drop.

AJAP AP)

= (=—P
a = (570765
Calculate required corrected exhaust gas pressure drop.

o .
oaP = (5ro7es (AP

Assume recuperator 0D, ID, and tube length dimensions consistent with

application requirements.

Calculate flow per square foot of frontal area on both sides of

recuperator.

Y, 576 W,

K? n(00)¢ - «(ID)?

288 W
o

TL) (Lo

n

W
2
)

Read %? from Figure 7-3.

Calculate available UA.

L L L
. UA o t n
Avaiiable UA = 3= (——7335 )
mAPi
Read T from Figure 7-4.
t
Calculate available OAPi'
aAPi
Available oAP, = ( ) (L)
i Lt t
aﬁPo
Read T from Figure 7-4.
o
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15. Calculate available oAP = (=2 (L)

16. Available values of UA, adP, and UAPO must agree with required values
or the assumed recuperator dimensions must be varied and steps 9
through 15 repeated until a balance is obtained. An increase in Ln
while maintaining L° and Lt will result in lower pressure drops on
both sides. Conversely a reduction in Ln while maintaining the other
two dimensions will result in higher pressure drops on both sides.
Increases or decreases in UA values are proportional to core volume
changes.

17. Calculate recuperator tube bundle weight.

Tube bundle weight = 0.014] (L° Lt Ln),lb

18. Calculate overall recuperator weight.
Overall recuperator weight = 1.75 tube bundle weight

This value includes the weight of normal manifolding as well as
tube sheets and tube support structure but does not include any weight
attributable to mounting. Also, the factor used to obtain overall

“weight from core weight is specific for the class of engine being con-
sidered in this program. Larger engines will require larger recuper-
ators which will have a lower factor whereas for smaller engines the

reverse will be true.

Overall recuperator dimensions will vary depending upon the spe-
cific application. . Allowance must be made for manifolding on both
sides of the recuperator. Sufficient free flow area should be pro-
vided in the manifolding to reduce parasitic pressure drop to a

minimum.
CALCULATION PROCEDURE ( EOT) RECUPERATORS

1. The first seven steps of the calculation procedure for (EIT) recuper-
ators outlined above should be followed as stated. These calculations
pertain only to the required performance of the recuperator and do not
pertain to any specific recuperator surface.

L-9149-R
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2. Assume recuperator 00, ID, and tube length dimensions. consistent with

application requirements.

3. Calculate flow per square foot of frontal area on both sides of

recuperator.

wi 1152 wi

7\7 = w(0D)2 _ 4(ID) 2

wo 144 wo
4. Read !9 from Figure 7-5.
5. Calculate available UA.
L L L
: UA "o 't 'n
Available UA = T(W>
aﬁPi
6. Read T from Figure 7-6
t

7. Calculate available OAPi.

aﬁPi
Available oAPi =( Lt ) (Lt)
@APO
8. Read T from Figure 7-6
(o}

9. Calculate available oAPo.

Available arP_ = ( 2 (L)

10. Available values of UA, cAPi and oAPo again must agree with required
values or new recuperator dimensions must be assumed and steps 3

through 9 repeated until balance is obtained.
11. Calculate recuperator tube bundle weight.

Tube bundle weight = 0.0153 (Lo L, Ln),lb

12. Calculate recuperator weight.

Recuperator weight = 2.0 tube bundle weight

L-9149-R
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The comments regarding recuperator weight and overall dimensions
stated under the (EIT) recuperator design procedure apply as well to
the (EOT) recuperator. However, an additional allowance must be made
for interpass space on the (EOT) recuperator. An increase of approxi-
mately 2.0 inches in recuperator OD and a corresponding decrease in

recuperator ID will be required.

The design procedures and performance parameters presented in this
section can be used by the engine or airframe manufacturer to conduct
an optimization study to obtain a near optimum recuperator for a spe-
cific application. The two surfaces presented herein were selected as
best for the class of engine being covered in this program as a result
of a parametric study which investigated various types of heat transfer
surfaces as well as various modifications of surface geometry for a
specific type of heat transfer surface. The designer should refer to
the curves in Section 6, Parametric Study, which will serve as a quide
in the selection of new recuperator core dimensions after the initial

calculation has been performed.
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SECTION 8

SUMMARY

In summary, it is concluded that turboprop engine recuperators can be
fabricated for aircraft where long endurance capability Is required at part
load engine operation. Compact lightweight tubular designs have been devel-
oped for this application. The most efficient tubular recuperator design is
one in which the exhaust gas flows inside the tubes and the ccmpressed alir
flows in two passes around the tubes (EIT), and this design has been selected
for the Phase Il recuperator endurance test. This choice resulted from
evaluation of the two designs, treating the engine-recuperator combination
as a complete system. The straight tube unit Is lighter in core and wrap-up
weight, shorter, and has a more desirable Internal structure. Also, it is
of less costly construction and easier to maintain. Development tests have
demonstrated that this concept will be practical, reliable and economical

to produce.

Comparing the (EIT) design with the U-tube design (EOT), it Is noted
that the gas side surfaces would be easier to clean and, since the gas side
has relatively large open passages, there would be less of a tendency to
build up deposits of combustion products. Actually, examination of both
test units after all testing was completed showed that, other than heat
discoloration, neither design had been fouled at ali. This was in spite of
the fact that, during the test program,fuel occasionally had leaked into the
line and caused combustion to start briefly in the heat exchanger during
shutdown.

The development of highly efficlient tubular heat transfer surfaces
during this program has made possible major reductions In the amount of heat
transfer surface required, thus offering very attractive size and weight
possibilities. It is possible that further investigation.will also produce
important savings in structural weight. It would appear that this, coupled
with englne acceptance tests, would result in the production of a refined
recuperator design within a reasonable period of time that would be a worth-
while, rellable addition to the present and future family of turboprop or

turboshaft engines.
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e (n--" 77) CONPORATION Page 70
\D AiResearch Manufacturing Division

+O8 ANGELES 48 CALIFORNIA



SECTION 9
PHASE II PROGRAM

By evaluation of the test data collected during Phase I, it Is con-
cluded that exhaust gas inside straight tubes in a recuperator of annular

configuration will provide:
I. Lightest weight
2. Smallest volume
3. Suitable proportions
4. High reliability
5. Moderate cost
6. Adequate life
7. Ease of manufacture.

In Phase II, this type of recuperator design will be fabricated in a
complete annulus and tested to determine life and structural integrity

under flow, thermal, and pressure cyclic conditions.

Mounting interface problems will be considered and solutions will

be offered.
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SECTION 10

NOMENC LATURE
A = core face area, ft?
a = compressed air
c = specific heat, Btu per Ib %R
AJhot or AT Id
E = effectiveness, T €0 , dimensionless
, =T X
hot in cold in
(EIT) = exhaust gas inside tubes
(EOT) = exhaust gas outside tubes
wt fuel . . s
f = Wt air in exhaust gas, dimensionless
g = exhaust gas

i = inside tubes

D = core inside diameter, inches

0D-1D . .
lo = —— = outside tubes flow length, inches
Ln = (ggglgén = no flow length, inches
Lt = tube length between tube sheets, inches
o] = outside tubes
oD = core outside diameter, inches
P = pressure, psia
oP = pressure drop, psia

OP OP

Total ok =2 d , per cent

P, P . P .

in ain gin

Q = heat transfer rate, Btu per sec
T = temperature, %R or °F
%?- = overall thermal conductance per unit volume of tube bundle,

Btu per sec % ft?

W = flow rate, b per sec
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NOMENCLATURE (CONTD)

X = specific heat correction factor for combustion products,
dimensionless
p = density at average pressure and temperature, I|b per ft3
P . .
o = 570765 ’ dimensionless
L-9149-R
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